ABSTRACT: The influence of feeding history on otolith shape and symmetry was examined in juveniles of 2 species of coral reef fish, Amphiprion akindynos and Pomacentrus amboinensis. Fast Fourier analysis was used to describe the shape of otoliths of fish from a variety of experimental feeding treatments, ranging from starvation, through pulse feeding, to feeding ad libitum. The resulting harmonics from both the left and right otoliths of each individual fish were used in a multivariate analysis to investigate shape differences among feeding treatments in the 2 species. When left and right otoliths were analysed separately, no significant differences between feeding treatments were revealed for either species. In contrast, when left and right otoliths from individuals were analysed together, clear separations in feeding groups were observed in both species. Differences among feeding treatments were largely due to differences in the finer details of the otolith shape, represented by the middle level harmonics. Fish that had been starved had significantly different otolith shapes than fish from all other treatments. Differences in otolith shape could not simply be attributed to differences in fish size or age among treatments. We conclude that differences in otolith shape are influenced by recent feeding history, but processes that influence otolith shape are complex and most likely species-specific. This study presents new evidence that otolith shape of tropical fish may directly reflect body condition of individuals regardless of fish size and age.
INTRODUCTION
Otoliths have long been used to determine age and growth in fish, and are a popular tool for the discrimination of species (e.g. Hecht & Appelbaum 1982 , L'Abée-Lund 1988 and populations (e.g. Messieh 1972 , McKern et al. 1974 . A number of studies have shown that otolith outlines can be used to define stock differences related to geographic locations (e.g. Bird et al. 1986 , Castonguay et al. 1991 , Smith 1992 , Campana & Casselman 1993 , Friedland & Reddin 1994 , Begg & Brown 2000 and to chemical and physical qualities of the environment (e.g. Campana & Neilson 1985 , Mosegaard et al. 1988 , Lombarte & Lleonart 1993 .
The utility of otolith shape analysis extends beyond these differentiations, as it provides insights into events that influence otolith growth (Bird et al. 1986 , Smith 1992 , Campana & Casselman 1993 , Begg & Brown 2000 . Implicit in these considerations is the assumption that otolith growth is highly correlated to fish somatic growth, which in turn is influenced by environmental or abiotic conditions (e.g. water temperature). While it might be expected that gross otolith shape is genetically controlled and that otolith morphology changes as the fish ages, the potential contribution of biotic factors (e.g. food availability) to the subtleties of otolith shape has received little attention, despite evidence suggesting that feeding history is reflected in other otolith growth characteristics (Molony & Sheaves 1998 , Searcy & Sponaugle 2000 . While a positive, though possibly lagged, relationship between otolith size and food availability is predicted (e.g. Molony & Sheaves 1998) , a direct link between the shape of the otolith and fish feeding history remains to be established.
The broad aim of this study was to examine the sensitivity of otolith shape to different food regimes in juveniles of 2 species of tropical damselfish (Pomacentridae) and compare this measure to other standard proxies for body growth and condition. Further, we investigated the ability of otholiths to discriminate between feed regimes when the otoliths of the right and left sagittae are examined separately, compared to when they are considered together.
MATERIALS AND METHODS
Two species of coral reef fish (from the family Pomacentridae) were the focus of the present experiment: the Barrier Reef anemone fish Amphiprion akindynos and the Ambon damsel Pomacentrus amboinensis. Juvenile A. akindynos originated from a single clutch of full-sibling eggs and were reared for 30 d at the James Cook University aquarium facilities. Juvenile P. amboinensis were collected off Lizard Island, northern Great Barrier Reef, Australia (14°40' S, 145°28' E). Right and left sagittae were examined for a total of 68 juveniles to determine the effect of periodic feeding on otolith shape. Each fish was maintained individually in a 3 l aquarium with a flow-through seawater system (24 l h -1 ). Water within each aquarium system was held at a temperature of 29 ± 0.5°C and a salinity of 34 ± 0.1 ppt. The aquaria were kept under a 12 h light:12 h dark cycle. Juveniles were all equally fed 24 to 36 h old Artemia sp. nauplii throughout a 3 d acclimation period and then randomly assigned to different feeding regimes for a 13 d experimental period. The feeding regimes used were thought to cover a realistic spectrum of food availability in the wild. Eighteen P. amboinensis juveniles were randomly assigned (6 per treatment) to one of 3 feeding regimes: (1) fed ad libitum, (2) fed once day and (3) fed every second day. Fifty A. akindynos individuals were randomly assigned (10 per treatment) to 1 of 5 feeding regimes: (1) fed ad libitum, (2) fed once day, (3) fed every second day, (4) starved for 4 d and then fed ad libitum for 9 d and (5) starved for 4 d. Fish starved and sacrificed at Day 4 (A. akindynos treatment 5) were used as a control treatment in the otolith shape analysis. As such fish are expected to have markedly different otolith shapes than fish from all other feeding treatments, these individuals were used to test the sensitivity of this new approach using otolith shape to identify feeding history.
Fish size (standard length, SL) and body condition (hepato-somatic index HSI, calculated as proportion of liver weight to body weight) were measured on all specimens at the end of the 13 d experiment, prior to otolith removal. The sagittal pair of otoliths was then located and removed from the braincase under a dissecting microscope. Each otolith was cleaned in distilled water and stored dry, with a record of its identity and whether it was from the left or right side of the fish.
To determine whether recent feeding history influenced sagittal shape, the 2-dimensional shape of the otoliths of all fish was quantified using Fast Fourier analysis. A grey-scale image of each otolith was captured using a video image-analysis system linked to a compound microscope at 10 × magnification. The image analysis software package, OPTIMAS (version 6.5), was then used to measure otolith size (maximum otolith length, MOL) and to calculate Fast Fourier shape descriptors (FFd, also termed 'harmonics') from the silhouette of each otolith. The distal edge of the otolith rostrum was chosen as a common landmark point to start each of the automated tracings. The 2-dimensional shape was represented by a series of successive cosine waves, having amplitude and phase angle components. The amplitude of each cosine wave was the shape descriptor or harmonic, calculated according to the relationship described by Christopher & Waters (1974) . This yielded 128 radial lengths from the shape centroid (used as otolith centre) measured at equal intervals in a 360°radius (Media Cybernetics 1999) . The number of harmonics to be used as shape descriptors for the left and right sagittae of each fish was set to the first 20, excluding the 0th harmonic. The 0th harmonic represents the mean radius of the shape (Bird et al. 1986 ) and all harmonics were divided by this in order to standardise for otolith size (Castonguay et al. 1991 ). The first 6 harmonics are referred to as low-order harmonics and determine the gross shape of the otolith, such as its elongation, triangularity and squareness. Successively higher order harmonics measure increasingly finer details in the otolith silhouette.
Analysis of variance (1-way ANOVA) was performed to determine whether fish size, body condition and otolith size differed among treatments. Tukey's HSD means comparisons were used to determine the nature of significant differences found in ANOVA. The assumption of normality and homogeneity of variance were examined and data transformed using natural log when assumptions were not met. Multivariate analysis of variance (MANOVA) was used to test the hypothesis of no difference in otolith shape for both species among feeding treatments. The nature of significant differences among treatments found by MANOVA was explored and displayed using canonical discriminant analysis (CDA). This technique allowed us to identify a number of trends in the dataset (canonical variates) that maximally discriminated among the experimental groups (feeding treatments). The feeding groups were represented as treatment centroids with 95% confidence clouds (Seber 1984) . Trends in the original variables (i.e. Fourier descriptors) were displayed graphi-cally as vectors, with the relative importance of these variables in discriminating among groups represented by the length of the vectors.
RESULTS
Body size (SL) of Pomacentrus amboinensis fed ad libitum was significantly different only from those fed every second day (F 2,15 = 6.81, p < 0.05, followed by Tukey's HSD tests) at termination of feeding trials. The size of individuals from both groups did not differ from fish fed once per day. No significant differences were observed in otolith size (MOL) among the 3 groups, whether right and left were considered separately or included in the same MANOVA analysis as independent units (Table 1) .
All 3 feeding groups could be clearly distinguished from one another on the basis of body condition (HSI), measured as the proportion of liver weight to body weight (F 2,15 = 56.06, p < 0.001, followed by Tukey's HSD tests). Fish fed ad libitum had higher body condition than fish from the fed once per day treatment, while fish fed every second day displayed the lowest body condition.
When left and right otoliths were analysed separately, the different feeding treatments could not be discriminated using otolith shape (Table 1) . However, when shape descriptors from the left and right sagittae were included in the same analysis as independent units, clear differences were found among all treatments (Wilks' λ, p < 0.05). These trends were illustrated by CDA, which showed that the 3 feeding groups for Pomacentrus amboinensis could be successfully distinguished on the basis of otolith shape (Fig. 1) . Over 95% of the total variation among P. amboinensis experimental feeding groups was accounted for by Canonical Variate 1. Separation of the 3 centroids was largely due to differences in the magnitude of the middle and higher level harmonics (Fig. 1) , suggesting that most of the discrimination related to the finer details of the shape of the otolith pairs.
In contrast to the results for Pomacentrus amboinensis, the body size (SL) of Amphiprion akindynos was not significantly influenced by the feeding treatments (Table 1) . However, fish from the 4 treatments differed significantly in body condition, (HSI F 3, 36 = 3.68, p < 0.05). Fish fed once per day had significantly higher HSI than those fed every second day. Fish fed ad libitum, and fish initially starved for 4 d and then fed ad libitum, displayed the highest levels of HSI, though these 2 treatments did not differ from each other and HSI did not differ significantly between these fish and fish under the other 2 feeding regimes (fish fed once per day and fish fed every second day). The feeding groups could not be distinguished from each other (based on right otolith measurements) or could only be partially distinguished (based on left otolith size and left and right otolith size together; Table 1 ) by otolith size. Otoliths of fish fed ad libitum were significantly longer than otoliths from fish fed every second day. However, no other differences in otolith size amongst fish allocated to the 4 feeding regimes were found.
Shape analysis of Amphiprion akindynos otoliths discriminated feeding histories similarly to that of Pomacentrus amboinensis (Table 1b) . Otoliths from fish that had been starved (Treatment 5) were also included in this analysis. When shape descriptors from the left and right otoliths were incorporated in the same analysis as independent units, clear differences were found among all 5 treatments (Wilks' λ, p < 0.001). In accordance with our hypothesis, fish that were starved had markedly different otolith shapes than fish from all other feeding treatments (Fig. 2) . The discrimination among feeding treatments was attributable to a mixture of harmonics of varying magnitude. Differences among treatments could not be simply interpreted as any one aspect of otolith shape, but rather by a combination of coarse and fine-scale shape differences.
DISCUSSION
For 3 decades researchers have acknowledged that otoliths are historic records of the growth history of individuals (Panella 1971 , Campana & Neilson 1985 , Campana & Jones 1992 , Thorrold & Hare 2002 . Otolith growth is sensitive to changes in feeding and temperature history, but responds conservatively to changes in conditions and often with a lagged response (e.g. Molony & Choat 1990 , Milicich & Choat 1992 , Molony & Sheaves 1998 . Although these studies suggest that otolith size should change with the growth environment, this is the first study to examine the response of otolith shape to changing growing conditions.
Our data suggests that otolith shape embodies a sensitive record of individual recent feeding histories of 2 tropical reef fishes. While other studies have emphasised the utility of otolith shape analysis in differentiating populations, stocks and species (e.g. Smith 1992, Begg & Brown 2000 , Stransky 2001 ), the present study using recent feeding history suggests that otolith shape can be used to discriminate much finer scale events. We demonstrated that biotic factors, Comparison of the shape of sagittal otoliths from juveniles exposed to 5 different feeding treatments, 4 of which included different levels of food availability, and 1 of which represents a starved group. A canonical discriminant analysis is displayed with treatment centroids and 95% confidence clouds plotted together with the direction and importance (as indicated by the length of the vector) of trends in measured otolith shape descriptors (the first 10 most significant harmonics are plotted). Can: canonical variate such as food availability, also influence shape, and may leave a record of previous feeding conditions in the otolith once appropriately ground-truthed. Measures of body condition differ markedly in their sensitivities (see Ferron & Legget 1994) , both with respect to the magnitude of environmental change that they respond to and their temporal concordance with that change (Suthers 2000) . In the present study, body length was less sensitive to varying feeding conditions than relative liver weight (HSI), the former integrating more bodily processes than the latter. The combined shape of the right and left otolith was the most sensitive indicator examined in the present study. Typically body condition is measured using soft body parts such as intestine and liver, which are directly involved in metabolic processes and whose lipid storage are reliable indicators of the nutritional status of the fish (e.g. Margulies 1993 , Theilacker et al. 1996 , Green & McCormick 1999 . As lipids can be processed within hours and larval and juvenile fish can turn them over rapidly, they do not provide a permanent record of the feeding history of the fish. The advantage otolith shape offers is that otoliths are a permanent record and no reabsorption occurs. A comparison of the feeding histories of the anemone fish experiment suggests that otolith shape responded to food availability on a scale of less than 4 d. The consistent discrimination between all feeding groups in both study species using the otolith (pair) shape is strong support for its use to assess short-term feeding histories in juvenile fish.
The utility of otolith shape to discriminate among different feeding histories may aid our understanding of magnitude and periodicity of feeding in wild populations, particularly that of larval stages that have a shorter temporal buffer between an absence of food and starvation. The spatial and temporal patchiness of food during the larval period has long been suggested as an important mechanism underlying cohort success (Hjort 1914 , Leggett & DeBlois 1994 . However, the tools available to date have only been able to reveal very recent feeding histories (e.g. RNA/DNA ratios, cell cycle analysis, gut epithelium cell height), or an integrated feeding history (e.g. Fulton's K, relative lipid content), rather than the short-term fluctuations in past feeding events. Evidence from the present study suggests that otolith shape responds in a similar way to other, more commonly measured means of quantifying body condition, but may be a more sensitive and lasting record. Clearly, more experimental studies are required to facilitate the interpretation of otolith shape in relation to longer-term feeding history. The exciting possibility of back-calculating otolith shape at a daily resolution and using it to infer fluctuations in calorific intake awaits further experimentation.
In both species, differences in otolith shape relative to feeding history were mainly found in the middle and higher level Fourier harmonics, suggesting that variations occurred in both the coarse shape characteristics as well as the more subtle outline crenations. These variations could be attributable to differences in the rate and mode of growth of the right and left otolith respectively (Bird et al. 1996) . While the pathways involved in controlling the mode of growth of the 2 otoliths are not understood, it is possible that asymmetry exists. Deviations from perfect bilateral symmetry in a particular trait are caused by a variety of stressors, including low food quality and or quantity (Parson 1990 ). Short-term changes in fish condition (e.g. limited food supply and/or starvation) induced in this experiment affected the shape of otolith pairs. Although the mechanisms that produce or regulate the observed differences in this bilateral trait remain unexplored, our results encourage the use of the otolith pair as a unit. The information obtained from a shape analysis based on both otoliths together can yield a sensitive record of past growth events; this detailed information may be lost when only 1 otolith of the pair is examined.
Our evidence suggests that the otolith shape of juvenile fish may reflect the body condition of individuals independently of their size or age. Although shape will inevitably change with ontogeny, this did not explain the differences in shape amongst treatments. Since changes in otolith shape were subtle, our finding is not incompatible with the ubiquitous finding of a positive relationship between somatic and otolith growth (e.g. Messieh 1975 , Meekan et al. 1998 , Vigliola et al. 2000 , Morita & Matsuishi 2001 , since there is often considerable variability in fish-size/otolith-size relationships, particularly at specific ages or at key developmental stages (e.g. Chambers & Leggett 1987 , McCormick 1994 . Most importantly, the otolith shape of individuals examined in this study was not affected by the confounding effects of size or age. Otolith shape analysis may therefore provide new information on the condition of fish and their developmental trajectories by linking growth, development and body condition together in a manner that is not related to fish size or age.
Otolith shape analysis represents an approach that is complementary, rather than an alternative, to detailed studies of growth history from otoliths. We suggest that otolith shape analysis may provide insights on events affecting fish growth and condition at any particular time; however, further studies are required to enable us to decode the information held within otolith shape.
